Abstract A rotating radiative-convective equilibrium on a sphere is reached using a global atmospheric model with prescribed globally uniform sea surface temperature and no insolation. In such an equilibrium state, multiple tropical cyclone-like vortices coexist in the extratropics, moving slowly poleward and westward. Many vortices have a lifetime longer than 2 months and travel from the tropics to the polar regions. The typical spacing of simulated tropical cyclone-like vortices is comparable to the deformation radius, while the production of available potential energy is at a scale slightly smaller than those vortices. It is hypothesized that the growth of tropical cyclone-like vortices is driven by the self-aggregation of convection, while baroclinic instability destabilizes any vortices that grow significantly larger than the deformation radius. A weak Hadley circulation dominates in the deep tropics, and an eastward propagating wave number 1 Kelvin-like mode having a period of 30-40 days develops at the equator. The weak Hadley circulation is found to emerge from an initially quiescent atmosphere due to poleward momentum transport by the vortices.
Introduction
As stated by Bretherton et al. [2005] , radiative-convective equilibrium (RCE) in a nonrotating, horizontally homogeneous environment is a time-honored idealization for understanding the tropical atmosphere and its sensitivity to relevant forcings. Its history can be traced back to the early work by Manabe and Strickler [1964] with single-column models. Modern RCE simulations employ cloud-resolving models to study a wide number of issues, including controls on the hydrological cycle [Romps, 2011] , the distribution of convective mass fluxes [Tompkins and Craig, 1998 ], scaling laws for moist convection [Robe and Emanuel, 1996] , etc.
Model Information
The GCM used in this study is the global atmosphere model AM2.1, developed by the Geophysical Fluid Dynamics Laboratory (GFDL) [Anderson et al., 2004] . Standard physics schemes and parameters of AM2.1 are adopted in our simulations unless otherwise specified in the following text. A brief description of AM2.1 model components is given below. Readers interested in details of AM2.1 physics schemes or dynamics are referred to Anderson et al. [2004, and references therein] .
AM2.1 has a finite-volume dynamical core on a latitude-longitude grid [Lin, 2004] , which in our simulations has a resolution of 1 latitude by 1.25 longitude, with 24 vertical levels. The whole planet is covered by ocean with a fixed uniform sea surface temperature (SST) of 300 K.
As detailed in Anderson et al. [2004] , grid-resolved clouds and precipitation in AM2.1 are parameterized with the aid of prognostic variables for the cloud fraction and the specific humidities of cloud liquid water and cloud ice. Grid-scale fluxes of rain and snow are computed diagnostically from these prognostic fields [Rotstayn, 1997; Rotstayn et al., 2000] . Cumulus convection is represented by the Relaxed Arakawa-Schubert formulation of Moorthi and Suarez [1992] .
The long-wave radiation code of AM2.1 accounts for the absorption and emission by the principal gases in the atmosphere, including H 2 O, CO 2 , O 3 , N 2 O, CH 4 , and halocarbons. The concentrations of those gases are fixed at climatological means, and the radiative effects of aerosols are not included in these simulations. Solar radiation is also eliminated.
We first run a simulation starting from the observed atmospheric state of the Earth on a random day for 3 years, during which an equilibrium state is already achieved. Yet, in order to make sure this equilibrium state is not directly influenced by its particular initial condition, we take the last month's globally averaged profiles of temperature and moisture and global mean surface pressure to create a new initial condition, in which wind velocity is set to zero everywhere. Then we run the model for another 3 years and discard the first 2 years as spin-up. As expected, this new simulation reaches the same equilibrium state as before in less than 1 year. Our analysis below uses averages over the last year's data of this simulation unless otherwise specified.
TC-Like Vortices
We identify and track individual TCLVs in the simulation using 6 h data of the 850 hPa relative vorticity field. All data are smoothed horizontally with a Gaussian filter first to remove small-scale ''noise.'' Each individual TC-like vortex in the northern (southern) hemisphere is defined as a continuous region with positive (negative) vorticity and minimum value greater than 3310 25 s 21 (less than 23310 25 s 21 ). By this standard, the temporally averaged number of TCLVs on each hemisphere is about 36. The center of each vortex is calculated as the vorticity-weighted mean coordinate of this positive (negative) vorticity patch, while its ''radius'' r is defined as the maximum distance between its center and border. Finally if vortex j among all vortices at time step n 1 1 is closest to vortex i at the 6 h earlier time step n and if the distance between their centers is less than both their diameters 2r i and 2r j , we merge vortex j and i into a single vortex, which we track at later time steps.
In the Northern Hemisphere, most of the trajectories found by the above procedure show a southeastnorthwest orientation, especially the longer ones. Figure 2 shows the trajectories of vortices that moved more than 45 latitude in the meridional direction. While some of those trajectories are wobbling or cycloidal, they all move poleward and westward in the end. There are 176 such long trajectories globally in the 1 year simulation data. Their average duration is 60 days, and the longest one is 120 days. Figure 3 shows the averaged trajectory of 57 TCLVs from both hemispheres starting from latitudes lower than 15 and ending at least 60 poleward of their initial positions. Shorter trajectories are discarded for ease in calculating the mean trajectory. At its poleward edge, the mean trajectory breaks up into little pieces, because TCLVs tend to swirl in place when they are near the pole and thus lose consistency in their direction of motion.
The poleward and westward movement of TCLVs can be explained by the beta effect on tropical cyclone motion (beta drift) [e.g., Chan and Williams, 1987; Wang and Li, 1992; Li and Wang, 1994; Wang and Holland, 1996] . An initially symmetric vortex in the Earth's vorticity gradient will develop a pair of counter-rotating gyres due to Rossby wave dispersion. These asymmetric gyres induce a relative flow across the vortex core causing it to propagate poleward and westward [Wang and Holland, 1996] . Li and Wang [1994] found that depending on initial vortex structure, the vortex may follow a variety of tracks ranging from a quasi-steady displacement to a wobbling, or a cycloidal track due to the evolution of the asymmetric gyres. This is consistent with the complex details of the TCLV tracks in Figure 2 .
Energy Spectrum
Driven by convective instability and constrained by the rotation of the planet, the large-scale circulation in rotating RCE is ultimately a problem in geostrophic turbulence. In this section, we examine the energy spectrum in this light. In our simulation, the barotropic circulation, which is defined as the vertically averaged component of atmospheric motions, contains about 80% of the total available potential energy (APE) and about 75% of the total kinetic energy (KE) of the circulation. Hence, we will focus hereafter on the barotropic energy spectrum.
Our calculation of KE and APE spectra follow the formulation of Augier and Lindborg [2013] . The globally integrated barotropic KE and APE are Similar to Augier and Lindborg [2013] , we calculate the energy spectrum of the global atmosphere using spherical harmonics Y lm . The spectral components of KE and APE are defined as follows:
wheref lm ,D lm , andĥ lm are the spectral coefficients of vorticity, divergence, and potential temperature disturbance, respectively. Since the total wave number of spherical harmonics is k5 ffiffiffiffiffiffiffiffiffiffiffiffiffi lðl11Þ p =a, we further sum up spectral functions with respect to zonal wave number to obtain the energy spectra with respect to total wave number: Figure 4 shows the spectrum of KE, APE, and KE1APE. The spectrum of total energy (KE1APE) has a k 23 spectral slope in intermediate wave numbers and drops off more steeply at large wave numbers. Throughout this range, it is dominated by KE. The APE spectrum, which is roughly only 1/5 of the KE spectrum in strength at intermediate wave numbers, has a k 24 spectral slope. The spectrum of both KE and APE is flat for l 16ðk < k c 516:5=aÞ.
This cutoff scale corresponds to a half-wavelength of 1200 km, which is approximately equal to the midlatitude dry deformation radius, L d 5NH=f 0 % 1100 km, where N 2 51:25310 24 s 22 , H510 km for our simulation. [2008] suggested that the spacing between vortices may scale with L d , consistent with the cutoff wave number in our energy spectra. In our simulations, N and H are nearly uniform around the globe so L d is proportional to 1/f. We can calculate the TCLV spacing in each latitude band based on the number of vortices per unit area. We divide the whole planet into 15 wide latitude bands and denote the time mean of TC numbers in a given band by N. The characteristic diameter of influence of TCLVs in each band is defined by L v 52 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi S u =ðp NÞ p , where S u is the area of the latitude band centered at latitude u.
Held and Zhao
The characteristic diameters of influence of TCLVs at different latitude bands are plotted in Figure 5 as red dots. They are roughly proportional to the change in 1/f and hence L d with respect to latitude. In the extratropics, L v is approximately 2 L d .
Scale of Energy Production
The above characteristics of the atmosphere in rotating RCE, namely, the k 23 spectral slope and the spectral peak at In the case of the Earth's atmosphere, the spectral slope changes near the scale of the deformation radius because L d is the scale at which energy is injected into the barotropic mode through processes associated with baroclinic instability [Salmon, 1978 [Salmon, , 1980 Zurita-Gotor and Vallis, 2009] . A k 23 spectral slope forms at scales smaller than L d as a result of the downscale enstrophy cascade in two-dimensional geostrophic turbulence.
In rotating RCE, energy is also injected into barotropic eddy motions at the scale L d , but via a totally different mechanism involving latent heating, as we now show. We calculate the power spectrum of APE generation rate due to diabatic heating in our simulation. The APE generated by diabatic heating at a grid point is [Augier and Lindborg, 2013] Gðp; u; kÞ5ch
where h 0 is potential temperature fluctuation, Q h is the tendency of potential temperature due to diabatic heating (radiation and latent heat release), and Q 0 h is the deviation from its time mean, p, u, k are pressure, latitude, and longitude, respectively. By integrating G vertically and using spherical harmonics, we get the power spectrum of APE generation rate due to diabatic heating ( Figure 6 ).
Comparison of Figures 5 and 6 tells us that most of the diabatic heating term, which is mainly due to latent heat release, concentrates at scales slightly smaller than the scale of vortices, which is not surprising, since the diabatic heating perturbations are concentrated in the cores of the vortices. APE generation in the simulations is stronger in the upper troposphere than at lower levels and maximizes near the 300 hPa pressure level. Figure 7 shows an instantaneous distribution of vertically integrated G, overlaid with contours of surface pressure anomaly. A mature TCLV has strong production of APE by diabatic heating right above its surface low-pressure center, collocated with the surface vorticity maximum, and a broader region of very weak APE dissipation surrounds it.
Therefore, the atmosphere in rotating RCE has maximum energy production at scales comparable to the deformation radius, and this is why it has an energy spectrum similar to that of the Earth's atmosphere.
One may ask why the spacing of TCLVs, and thus the scale of its energy production, is not significantly smaller, or larger, than the scale of the deformation radius. The growth of TCLVs at small scales may be explained by the self-aggregation of convection [Bretherton et al., 2005; Muller and Held, 2012] . Threedimensional cloud-resolving simulations by Bretherton et al. [2005] show that an upgradient transport of moist static energy exists in the aggregated state, with moist static energy transported from low-energy (dry) to high-energy (moist) regions. One can find two initial growth modes in Figure 8 . One originates from a few strong WVP anomalies that are already apparent at day 2, the other develops from random convection that becomes prominent a few days later. Both modes grow upscale with time, and the overall distribution of WVP and precipitation becomes better organized at day 16. The evolution of the second mode suggests that random convection initially at very small scales can selfaggregate to the deformation radius; hence, in the equilibrium of rotating RCE, TCLVs will grow to at least this scale.
The strong initial WVP anomalies of the first mode grow to large vortices at day 10. But at day 13 and 16, those large vortices split into smaller ones, suggesting that TCLVs of their size are not stable. We now argue that baroclinic instability may be the cause. Figure 9 shows an instantaneous distribution of the differential wind speed between 250 and 850 hPa, jV 250 2V 850 j, and the anomalous temperature field at 500 hPa. The horizontal temperature gradient between the warm cores of TCLVs and the surrounding regions is $5K per 10 of longitude/latitude, which is comparable with the meridional temperature gradient of Earth's atmosphere. The temperature gradient is weaker at lower levels, but at 850 hPa level, it is still greater than 3 K per 10 of longitude/latitude. Thermal wind balance requires a vertical wind shear between upper and lower troposphere levels that can exceed 20 m s 21 , which is also of comparable size to vertical wind shear at midlatitudes of the Earth. Therefore, it is plausible to think baroclinic instability could occur in rotating RCE if there were TCLVs of size significantly larger than the deformation radius L d . Baroclinic instability has a shortwave cutoff near the deformation radius, which is 2:6L d in the classic Eady problem [Vallis, 2006, chap. 6] . Baroclinic instability does not disturb the growth of TCLVs of scales smaller than L d due to self-aggregation of convection. But further growth of TCLVs past scales around L d could be constrained by baroclinic instability.
Tropical Circulation in Rotating RCE
Another interesting aspect of the large-scale flow in rotating RCE is the existence of a pair of weak ''Hadley cells'' in the mass stream function of the zonal mean circulation (Figure 10) , accompanied by Ferrel cell-like circulations in the subtropical region. The zonal wind field (Figure 11 ) is dominated by upper tropospheric easterlies extending into the subtropics in the stratosphere, with weak subtropical westerlies near the surface. Previous GCM simulations of rotating RCE have also been found to develop a Hadley circulation. The weak Hadley circulation in our simulation is very similar to the one found in one experiment of Kirtman and Schneider [2000, Figure 7] , in which an AGCM is coupled to a mixed layer ocean model of constant 50 m depth, and the incident solar flux is prescribed to be constant globally. This similarity suggests that the absence of incident solar radiation and a coupled mixed layer ocean are not crucial in determining the general characteristics of the large-scale circulation in a rotating RCE state.
The zonal mean precipitation (not shown) has weak minima of about 4.7 mm/d in the 10 bands around 15 N and 15 S, compared to about 5.7 mm/d poleward to 25 latitude and near the equator. This contrast is similar to the aforementioned simulation by Kirtman and Schneider, but the overall precipitation is higher because the radiative cooling of the atmosphere is stronger due to the lack of shortwave absorption in our nocturnal simulations.
An eastward propagating convectively coupled equatorial Kelvin wave develops at the equator. The signal is most prominent in surface pressure field, which shows slowly eastward propagating high and low anomalies tied to anomalously low and high precipitation, respectively. Figure 12 plots the symmetric component of the power spectrum of surface pressure between 15 S and 15 N in wave number frequency domain, following ) and anomalously temperature field at 500 hPa (contours with 2 K intervals). Black lines are 1000 km long, drawn for indicating the length scale in north-south or east-west direction of the map. the approach described by Wheeler and Kiladis [1999] . A Kelvin wave-like mode with wave number 1 and a period of about 30 days is prominent. We did not normalize the spectrum by its ''background power spectrum,'' although doing so would not undermine the importance of this wave number 1 signal. This eastward propagating wave number 1 mode shares a similar period with the Madden-Julian Oscillation (MJO) Julian, 1972, 1994] , though it may be simply a convectively coupled Kelvin wave signal.
Momentum Transport and the Hadley Circulation
As Kirtman and Schneider [2000] documented, the formation of tropical easterlies and subtropical westerlies implies a net poleward transport of angular momentum in rotating RCE. They speculated that the poleward transport of angular momentum was accomplished by large-scale zonally asymmetric convective events and tested that by conducting a simulation with their GCM truncated to be zonally symmetric. However, in the zonally symmetric model, they still got an ITCZ, which transited between 20 N and 20 S with a 22 month period, and the angular momentum transport associated with this ITCZ was accomplished by eddies rather than the mean flow.
The results of Kirtman and Schneider [2000] highlighted the role of eddies in maintaining the Hadley circulation in rotating RCE. The zonally averaged and vertically integrated zonal momentum equation may be written as ð @½u @t dp g 5 ð ½v f 1½f ð Þ dp g 2
ð ½vf dp g 1 ð ½v½f dp g 1 ð M dp g
where the square brackets represent zonal averages, prime denotes the deviation from zonal means, M denotes the convergence of zonal momentum transport of eddies, and s x is surface wind stress in zonal direction.
In (8), the ½vf integral disappears if we average the equation in time because of mass conservation with every latitude circle in the steady state. So in rotating RCE, only the last three terms can contribute to the meridional transport of momentum. Taking simulation data between 5 S and 5 N, we can calculate each term in (8) (8), respectively. This confirms that the easterlies of the Hadley circulation in rotating RCE are driven by eddies. The contribution from mean circulation due to the integral of ½v ½f is much smaller than eddy contribution since u 0 and v 0 are often significantly larger than ½u and ½v. Why do spontaneously generated convective vortices generate a momentum flux diverging away from the equator? This may be understood as a result of the strong vorticity stirring in the extratropics, but not near the equator, due to TCLVs, following Vallis [2006, chapter 12.1.2 .III], which produces net wave activity flux into the tropics, and momentum flux out of it. Since the horizontal winds in TCLVs have a strong barotropic component, and (8) is vertically averaged, we idealize the flow to be barotropic. Kinematically, the momentum flux convergence is equal to the northward vorticity flux
Using a barotropic vorticity equation with sources F f and sinks D f , linearized about a mean flow with a positive meridional absolute vorticity gradient, K5b2@ 2 ½u=@y 2 , Vallis formulates an pseudomomentum equation for Rossby wave activity density (which is proportional to vorticity variance). In steady state, it takes the following form:
The eddy vorticity flux ½v 0 f 0 is determined by the right-hand side of (10), which vanishes if the equation is integrated over latitude. Since there is stronger vorticity stirring by TCLVs in the extratropics than near the equator, the vorticity variance source should be larger there, while the sink due to dissipation may extend further into the equatorial belt. Hence, ½v 0 f 0 is positive in the extratropics and negative within the tropics, which means there must be momentum flux convergence in the extratropics and divergence near the equator. This argument also applies to the eddy momentum transport into the eddy-driven jets on the real Earth. Its validity for Figure 13 . Vertically averaged zonal mean zonal wind (U 0 ) at the equator, and zonal mean surface pressure anomalies (dP s0 and dP s15 ) at the equator and 15 N. The vertically averaged zonal mean eddy momentum flux at 15 N (½u 0 v 0 15 ) is also plotted. The numbers in subscripts indicate latitudes. Surface pressure anomaly is the deviation of surface pressure from the globally uniform initial value. U 0 is normalized by max ðjU 0 jÞ59:2ms 21 , and dP s0 and d P s15 are normalized by max ðdP s0 Þ54:0 hPa for the purpose of plotting. the rotating RCE case is still somewhat uncertain, since it relies on linear wave arguments based on excitation of Rossby waves in the vorticity stirring region, which propagate into the equatorial region before they dissipate, while highly nonlinear TCLVs dominate the flow at all latitudes in rotating RCE. Hence, a northward flux of vorticity variance in the TCLVs could also contribute to (10).
The role of eddy momentum fluxes in inducing the Hadley circulation can be clearly seen from the initial spin-up of rotating RCE from a state of rest. Momentum flux divergence accelerates equatorial easterly. The momentum fluxes maximize at 20 days before settling back down to an irregular statistical steady state, and the equatorial zonal winds maximize about 5 days later. The surface pressure field gestrophically adjusts to support the evolving wind field. The pressure rises over the tropics and lowers over the poles to support the developing subtropical westerlies being accelerated by eddy stirring. Initially, these westerlies extend equatorward of 15 N/S and the surface pressure at 15 N/S drops, but then the Hadley circulation broadens as it strengthens and after day 25, the pressure is higher at 15 N/S than at the equator. Once an equatorial low forms, low-level convergence develops and finally leads to the emergence of Hadley cells.
Therefore, the emergence of Hadley cell in rotating RCE starts with a quiescent atmosphere followed by eddy transport of zonal momentum, which sets up tropical easterlies and subtropical westerlies. The simultaneous geostrophic adjustment away from the equator results in a meridional gradient in the pressure field, which in turn promotes the formation of Hadley cells.
How strong is this eddy-driven Hadley cell compared with the Hadley circulation on Earth? To answer this question, we conducted a series of simulations with increasing equator-to-pole SST gradient. The SST field is set by the following expression:
where DT in K is the temperature difference between the equator and the pole. We conducted simulations with DT52; 4; 8; 16 K. The intensity of Hadley cells is measured by the maximum of the mass stream function (W max ) of the zonally averaged flow between 30 S and 30 N. The calculation result is shown in Figure 14 , in which the result from an aquaplanet simulation with observed zonal mean SST profile is also compared.
As the equator-to-pole temperature difference increases, the Hadley cells become stronger and wider. The intensity of the Hadley circulation in rotating RCE is roughly 1/5 of its counterpart in the real world. Thus, while the Hadley cells are generally weak, they are not weak enough to be neglected. The simple angular momentum conserving model developed by Held and Hou [1980] is a special approximate idealized model of the Hadley circulation that ignores the effects of eddies. It predicts that the intensity of the Hadley circulation is proportional to Dh 5=2 , where Dh is the change in vertically averaged potential temperature from pole to the equator. By comparing the simulations with DT52; 4; 8; 16 K, which is roughly the same as Dh in our simulations, we find that the intensity of Hadley circulations in Figure 14 does not increase as fast as the Held and Hou model predicts. Furthermore, the Hadley circulation does not vanish when DT becomes zero. These discrepancies underscore the fundamental role of eddies in the formation of Hadley cells, consistent with what Walker and Schneider [2005] suggested in their study on the response of Hadley circulation to seasonally varying heating.
Conclusions
Building on simulations by Held and Zhao [2008] of RCE on a large doubly periodic f plane, a slightly more complicated rotating RCE simulation on a sphere is achieved by prescribing globally uniform SST and eliminating incident solar radiation in a global atmospheric model. In this rotating RCE on a sphere, as in Held and Zhao's simulations, moist convection aggregates into a population of long-lived tropical cyclone-like vortices.
TCLVs are generated in the subtropical region, then move poleward and westward, due to the effect of beta drift. Many of those TCLVs can travel to high latitudes near the pole, in an average time of about 2 months. The mean spacing of mature TCLVs in the extratropics is approximately 2 times the deformation radius L d .
The energy spectrum of atmosphere in rotating RCE is quite similar to that of the Earth's atmosphere, with a k 23 spectral slope at scales smaller than the deformation radius, and relatively flat spectrum at scale larger than the deformation radius. In both cases, these spectral features result from the concentration of APE production near the scale of the deformation radius, but the production mechanism in rotating RCE is the latent heating in the warm cores of the TCLVs, while on the real earth, it is baroclinic instability ultimately driven by equator-to-pole temperature differences.
An inspection of the temperature gradient between the warm cores of TCLVs and surrounding regions and the associated vertical wind shear suggests that baroclinic instability can break up TCLVs of size significantly larger than the deformation radius L d . The combination of self-aggregation and baroclinic instability helps limit the spacing of TCLVs to about 2L d in rotating RCE.
A weak eddy-driven Hadley circulation develops in our simulation of rotating RCE, similar to previous studies. Its strength is about 1/5 that of its real-world counterpart. A Kelvin wave-like mode with wave number 1 and a period of 30-40 days is found at the equator.
The presence of a weak Hadley circulation and the beta drift of TCLVs enrich the dynamics of rotating RCE on a sphere, yet do not appear to increase the complexity in an overwhelming way. Such a rotating RCE simulation with spherical geometry, together with other variants of rotating RCE, may help us understand how the TCs simulated in GCMs depends upon environment parameters and parameterization schemes in an idealized manner, in addition to allowing us to understand the minimal set of factors needed to supportrelated dynamical phenomena in the real atmosphere.
